Hepatitis E virus (HEV) is the etiologic agent of an acute self-limiting non-A, non-B hepatitis in humans (30) . The virus is a nonenveloped positive-sense single-stranded RNA virus and was recently given taxonomic status in the genus of Hepevirus, a member of the family Hepeviridae (9) . Human infection with HEV typically manifests as acute icteric hepatitis. The overall mortality is low, except for pregnant women, who may suffer severe and fatal hepatitis with mortality rates up to 25% (18, 19) . HEV infection is distributed worldwide and is endemic to parts of Africa and Asia (18, 32) .
Human HEV outbreaks in regions of endemicity are reportedly associated with flooding and heavy rains and spread through the fecal-oral route of transmission (7, 8) . HEV infection in industrialized countries of nonendemicity is sporadic and is often reported in human patients with a history of traveling to countries of endemicity; however, there are increasing cases of sporadic human HEV infection in countries of nonendemicity such as Japan, Greece, Italy, and the United States in patients without a history of traveling to regions of endemicity. The human HEV discovered in industrialized countries of nonendemicity appears to be closely related to the swine HEV found in the same countries (4, 8, 28, 29, 31) .
Pigs are a natural host for swine HEV (13, 25, 26) . The fecal-oral route is thought to be the primary mode of HEV transmission (8, 36) . Pigs infected with HEV shed the virus in feces in large amounts for 3 to 4 weeks, whereas viremia is transient and persists for 1 to 2 weeks (10, 15, 17) . Current pig-raising practices allow repeated exposure of pigs to feces and thus to potentially high doses of HEV (17, 36) .
Food-borne or blood transfusion routes have been implicated as likely means of origin of sporadic cases of human HEV infection in industrialized countries of nonendemicity (20, 21, 33, 37) . Genomic comparison of HEV from human cases of sporadic acute or fulminant hepatitis E in Japan revealed a high homology with swine HEV isolates found in pig livers in nearby grocery stores, indicating that swine HEV in inadequately cooked pig liver may be transmitted orally to humans (37) . Contamination of drinking or surface water in the vicinity of pig production facilities is possible and of concern (32) . The status of HEV in pig manure slurry in storage facilities such as concrete pits and earthen lagoons remains to be investigated. If HEV is indeed present in stored pig manure slurry, it needs to be determined if the virus is infectious to pigs or other animals. The objectives of the present study were: (i) to determine whether HEV is present in pig feces, stored manure slurry, on-site drinking water supplies, and surface water near swine production facilities and (ii) to determine if HEV found in pig manure slurry and/or water samples is infectious to naive pigs.
MATERIALS AND METHODS
Fecal sample collection and processing. In the late summer and autumn of 2002, 28 pig farms located in the Midwestern United States (Iowa) were visited and sampled. Clinical evidence suggests that pigs in the United States most likely become infected with swine HEV between 8 and 16 weeks of age (22, 25) . Because pig farms with various production styles were sampled, pigs of different age groups ranging from newborns to adults were present on the 28 farms (Table 1) . Approximately 50 g of fresh feces from 5 live pigs ranging from 2 to 6 months of age (Table 1) were collected from the floor of the pig barns, pooled, and prepared as a 10% (wt/vol) fecal suspension in diethyl pyrocarbonate (DEPC) water-based phosphate-buffered saline (PBS).
Manure slurry sample collection and processing. Samples of manure slurry in pits (22/28 farms had accessible pits) and lagoons (8/28 farms had lagoons) were randomly obtained from each manure slurry storage facility and collected in a 50-ml sterile centrifuge tube. Ten manure slurry samples were collected from the concrete pit under the slats of each finishing facility. The samples were taken from 10 randomly selected sites in each pit. Each sample was collected from a depth between 30 and 60 cm below the surface and directly below the pig pens. For the lagoon manure slurry samples, 10 samples were randomly collected at a depth of 120 and 200 cm under the surface crust.
All samples were transported on ice to the laboratory. The 10 tubes of each manure slurry sample from each storage facility (pit and/or lagoon) were pooled together in two aliquots of 250 ml. All fecal suspensions and manure slurry samples were kept at Ϫ80°C until tested by reverse transcription (RT)-PCR assay. Portions (60 ml) of the pooled manure slurry samples were subjected to ultracentrifuge protocols to concentrate virus particles (27) . The manure slurry samples were clarified at 1,100 ϫ g for 10 min at 4°C. The supernatant was ultracentrifuged at 229,600 ϫ g for 1 h at 4°C to pellet the virus particles. The virus pellet was then diluted with 10 ml of 0.25 M glycine buffer (pH 9.4) on ice for 30 min. The resuspended virus pellet was recentrifuged at 12,000 ϫ g for 15 min at 4°C to discard solid materials. The supernatant of the virus pellet was saved and ultracentrifuged at 229,600 ϫ g for 1 h at 4°C to produce a final virus concentrate. The final virus concentrate was resuspended with 400 l of DEPC water-based PBS. Two aliquots of 200 l each were prepared for qualitative nested RT-PCR and for semiquantitative nested RT-PCR and kept at Ϫ80°C until tested. The manure slurry concentrate samples that were positive for HEV RNA by the qualitative RT-PCR had their titers for HEV further determined by the semiquantitative RT-PCR assay.
Water sample collection and processing. On each farm visited, 10 liters of on-site drinking water and 10 liters of water from the nearest upstream and downstream surface water (creeks, streams, or rivers) within a 0.4-to 6.4-kilometer radius of the pig farms were collected and concentrated. All water samples were collected in a sterile 10-liter container. Drinking water samples were directly obtained from a hydrant or faucet in or near the pig barns. Surface water samples were directly collected from the water source by submerging the container below the water surface. The water samples were transported in a cooler with ice packs to the laboratory and were processed for virus concentration upon arrival within a day of collection.
The concentration protocols were modified from those of Abbaszadegan et al. (1) and the guidelines for detection of enteric viruses recommended by U.S. Environmental Protection Agency (3). Water samples (10 liters) were run through a sterile unit of a filter housing (CUNO, Inc., Meriden, CT) and cartridge (Virosorb MDS1; CUNO, Inc., Meriden, CT). All flowthrough water was discarded. Once the filtering process was complete, 1 liter of autoclaved 0.25 M glycine buffer (pH 9.4) was used to elute the entrapped virus particles in the filter cartridge. The elution process was performed twice for 15 min. The first viral eluate was used for the second elution process. The final virus eluate was neutralized at pH 7 to 7.4 with 1 N HCl (pH 1.5), mixed vigorously, and kept on ice before proceeding to the virus concentration process by organic flocculation (3). It has been suggested that HEV is relatively stable under acid and mildly alkaline conditions (30) , and previously, it has been confirmed that acidic pH enhances the structure and stability of the HEV capsid protein (38) . Therefore, the neutralized virus eluate was adjusted to lower its pH to 3.5 with 1 N HCl and 12 g of autoclaved beef extract powder and stirred vigorously for 15 min. The pH-adjusted virus eluate was then centrifuged at 3,000 ϫ g for 10 min at 4°C. The supernatant of the virus eluate was discarded, and the resulting pellet was resuspended with 50 ml of DEPC water-based PBS. The suspended virus pellet was made into 2 aliquots of 25 ml. One aliquot was subjected to the centrifugal concentration process to adjust the eluate volume for qualitative RT-PCR testing and the other was kept at Ϫ80°C for an archival purpose. The virus eluate for RT-PCR was subjected to 1,100 ϫ g for 20 min in a centrifugal filter unit (Centricon; Millipore Corporation, Billerica, MA) to concentrate the eluate volume for the RNA extraction steps.
To determine the sensitivity of the water concentration used in the present study, 10 liters of tap water was spiked with 1 ml of a swine HEV infectious fecal pool (10% wt/vol) with an HEV titer of 10 2 genome equivalents (GE) per ml which resulted in a final concentration of 10 Ϫ2 GE per ml water. The swine HEV-spiked water was processed through the protocols described above.
Nested HEV RT-PCR. Hepatitis E virus is heterogenic in U.S. swine populations (13) . To account for this, two different nested HEV RT-PCR approaches were used (10, 13) . Both PCR assays amplify portions of the ORF2 gene. The universal nested RT-PCR assay designed to detect genetically variable strains of HEV (13) was used to test the concentrated manure slurry (collected either from concrete pit or earthen lagoon facilities) and concentrated water samples (collected either from surface water sources or on-site drinking water), since the extent of genetic variation among the HEV isolates was unknown. The U.S. prototype nested RT-PCR assay designed to specifically detect the prototype U.S. strain of swine HEV (10) was used in the bioassay due to 1-log-higher sensitivity (13) .
RNA isolation was similar for all samples and assays. The modified spin column method (QIAamp; QIAGEN, Chatsworth, CA) was used to extract total RNA from 140 l of concentrated manure slurry and water samples or fecal suspensions (2) . The RNA extract (11.5 l) was then immediately used for the reverse transcription reaction for HEV cDNA synthesis.
For the universal nested RT-PCR, the first-round PCR primers were forward primer 3156N (5Ј- (13) . For the PCR parameters used in the universal RT-PCRs, we strictly followed the protocol published by Huang et al. (13) . The second-round amplified PCR product of 348 bp in length was visualized after 2% agarose gel electrophoresis.
For the U.S. prototype nested RT-PCR assay, the first-round PCR primers were forward primer F1 (5Ј-AGCTCCTGTACCTGATGTTGACTC-3Ј) and reverse primer R1 (5Ј-CTACAGAGCGCCAGCCTTGATTGC-3Ј). The secondround PCR primers were forward primer F2 (5Ј-GCTCACGTCATCTGTCGC TGCTGG-3Ј) and reverse primer R2 (5Ј-GGGCTGAACCAAAATCCTGAC ATC-3Ј) (10) . To synthesize HEV cDNA, portions (11.5 l) of RNA extract were amplified in a reverse transcription reaction with R1 reverse primer and Superscript II reverse transcriptase (Invitrogen) at 42°C for 1 h. The cDNA (10 l) was used as a template in a 100-l PCR mixture. The first-round PCR was initiated with the activation of AmpliTaq Gold DNA polymerase (Applied Biosystems) at 95°C for 9 min, followed by repeated 39 cycles of denaturation, annealing, and extension at 94°C for 1 min, 52°C for 1 min, and 72°C for 1.5 min, respectively, and finally, an incubation at 72°C for 7 min. Similar PCR parameters were applied to the second-round PCR. The second-round amplified PCR product of 266 bp in length was visualized after 2% agarose gel electrophoresis.
Semiquantitative nested RT-PCR for titration of HEV. To determine the virus titer in samples that tested positive for HEV RNA, serial 10-fold dilutions in DEPC water-based PBS, ranging from 10 Ϫ1 to 10 Ϫ6 dilution, were made and subjected to the universal RT-PCR. The virus titer was reported as GE at the highest dilution found positive by the RT-PCR (23) .
HEV genomic sequencing and phylogenetic analysis. PCR products amplified from pooled feces and manure slurry were purified using the glass milk procedure with a GENECLEAN kit (Bio 101, Inc., Carlsbad, CA) and then directly sequenced at the Virginia Tech DNA Sequencing Facility. Sequences of the PCR products were determined for both DNA strands. The primer sequences of the universal RT-PCR were excluded from the sequence and phylogenetic analysis. The resulting partial 222-bp sequences of positive feces and manure slurry were analyzed and compared with the corresponding regions of prototype swine HEV and some known strains of swine HEV available in the GenBank database by the MacVector computer program (Oxford Molecular, Inc., Campbell, CA). Phylogenetic analysis was conducted with the aid of the PAUP program (David Swofford, Smithsonian Institute, Washington, D.C., distributed by Sinauer Associates, Inc., Sunderland, MA). A heuristic search with 1,000 replicates was used to produce a phylogenetic tree. The geographic origins and the GenBank accession numbers of the nucleotide sequences of the HEV strains, representing four major genotypes (8) and including the recently characterized avian HEV (11), used in the phylogenetic and sequence analyses are as follows: human HEV (hHEV) Sar-55 (Pakistan, accession no. M80851, genotype 1), hHEV Mexican (Mexico, accession no. M74506, genotype 2), prototype swine HEV (United States, accession no. AF082843, genotype 3), hHEV U.S.-2 (United States, accession no. AF060669, genotype 3), hHEV T1 (China, accession no. AJ272108, genotype 4), and avian HEV (United States, accession no. AY043166).
Virus inocula. The swine HEV inocula used for inoculation of the positivecontrol pigs were prepared from an infectious stock of feces collected from pigs intravenously infected with the prototype U.S. strain of swine HEV (25) . The inocula contained an HEV titer of 10 4.5 50% pig infectious doses per ml as determined by intravenous inoculation, approximately equivalent to 10 6 GE per ml (24) . The inocula were kept at Ϫ80°C until used.
Swine bioassay. To determine if HEV RNA found in manure slurry samples represented infectious virus particles, the HEV-positive pit and lagoon samples with the highest titer of HEV measured by semiquantitative RT-PCR were prepared as inocula for naive pigs in a swine bioassay. Nineteen 6-week-old, specific-pathogen-free pigs were randomly separated into 6 groups of 3 to 4 pigs. All pigs were anti-HEV seronegative by enzyme-linked immunosorbent assay (ELISA) and free of HEV in feces by swine HEV-specific nested RT-PCR. Three pigs served as uninoculated controls. Four positive-control pigs were inoculated intravenously with the prototype U.S. swine strain (24) . Four groups of three pigs each were inoculated with 25 ml of either an HEV-positive pit or lagoon sample via the intravenous or oral route. The selected lagoon sample was collected from farm no. 19 and designated L19, and the selected pit sample was collected from farm no. 12 and designated P12.
For preparation of the inocula, portions (150 ml) of the manure slurry collected from L19 or P12 were dissolved in sterile DEPC water-based PBS to produce a manure slurry suspension. The suspensions were clarified at 1,100 ϫ g for 10 min at 4°C. Each pig was given 25 ml of the supernatant by intravenous (i.v.) inoculation. Due to volume limitations, the intravenous inoculation was performed for 5 consecutive days using 5 ml of the inocula per pig per day. The accumulative HEV titer each pig received by intravenous inoculation was approximately 10 and 10 3 GE for L19 and P12, respectively. For oral inoculation, 25 ml of pooled pig manure slurry from L19 or P12 was given to naive pigs all at one time by oral gavage. The HEV titer each pig received for oral inoculation was approximately 10 and 10 3 GE for L19 and P12, respectively. Serum samples and fecal swabs were collected weekly for anti-HEV serum antibodies and detection of HEV RNA. The bioassay was terminated on 56 days postinoculation (dpi).
Detection of anti-HEV immunoglobulin G antibodies by ELISA.
Serum samples were tested by an ELISA using a purified 55-kDa truncated recombinant putative capsid protein of human HEV Sar-55 strain as the antigen (24, 25) . Each serum sample was tested in duplicate, and mean optical density values above 0.3 were regarded as positive samples. Preimmune and hyperimmune sera were used as negative and positive controls, respectively.
RESULTS
Detection of HEV in feces, manure slurry, and water samples. HEV RNA was detected in pooled fresh feces from 7 of the 28 farms. Fifteen of 22 farms were found to have HEVpositive manure slurry samples collected from concrete storage pits. Three of 8 lagoons were positive for HEV RNA ( Table 1 ). The highest virus titer in manure slurry samples that tested positive for HEV RNA was approximately 10 and 10 3 GE in L19 and P12, respectively ( Table 1) .
The swine HEV-spiked water was concentrated to determine the efficacy of the concentration process and was tested by swine HEV-specific RT-PCR assay and found to be positive for swine HEV RNA. However, none of the concentrated water samples collected from on-site drinking water supplies or the nearest surface water sources (creeks, streams, or rivers) were positive for HEV RNA (data not shown). Genetic variation of HEV isolates in pooled feces and pit or lagoon manure slurry samples. Of 7 pooled fecal samples positive for HEV RNA, nucleotide sequence analyses of the amplicons revealed that the 7 HEV isolates shared 88 to 94% identity with each other and 88 to 96% identity with the prototype U.S. swine HEV. A phylogenetic tree was built based on 222-bp-long sequences. Phylogenetic analysis indicates that HEVs amplified from feces or manure slurry samples collected from either pit or lagoon facilities are segregated within genotype 3, which is where the prototype swine HEV and the US-2 strain of human HEV are clustered (Fig. 1 ). There were two farms (farm no. 18 and 19) where the HEVs found in pig feces and the pit or lagoon manure slurry samples were more closely related to each other than to the HEVs from different farms. On one farm (F18 and P18), the HEVs from feces and pit manure slurry were identical (Fig. 1) .
Determination of infectivity of HEV found in manure slurry samples. The swine bioassay results are summarized in Table 2 . All positive-control pigs shed HEV in feces from 14 to 49 dpi, and 3 of 4 positive-control pigs developed anti-HEV antibodies by 56 dpi. Uninoculated control pigs remained HEV-free in feces and negative for anti-HEV immunoglobulin G antibodies by the termination of the study at 56 dpi. Two pigs inoculated intravenously with the P12 inocula became infected with swine and a recently classified avian HEV strain were included in the analysis. F, P, and L represent HEV sequences amplified from pooled fecal, pit, and lagoon samples, respectively, which are presented in Table 1 . The number following the sample initial refers to the farm identification listed in Table 1 . A scale bar reflecting the numbers of character state changes is provided for comparison of genetic distance.
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HEV. The presence of HEV RNA in feces was detected in one pig in the P12-inoculated group by 14 dpi and in the other pig by 21 dpi. Both pigs continued to shed HEV in feces through 28 dpi. The pig that shed HEV in feces from 14 to 28 dpi seroconverted to HEV, whereas the other pig remained seronegative on termination of the study at 56 dpi ( Table 2) . One of 3 pigs inoculated intravenously with manure slurry from L19 developed anti-HEV antibodies by 56 dpi ( Table 2 ). The amplicon of HEV RNA from feces collected at 21 dpi from a pig (designated pig I) inoculated intravenously with P12 was 100% identical to the amplicon of HEV RNA from the P12 intravenous inoculum that the pig received. The amplicon of HEV RNA from feces collected at 21 dpi from the other pig (designated pig II) in the P12 intravenous group was 93% identical to the P12 intravenous inoculum that the pig received.
DISCUSSION
Fifteen of 22 farms (68%) were found to have HEV-positive manure slurry samples. The concentration protocols used in this study for detection of HEV in manure slurry offer a reliable method to detect small amounts of HEV RNA in large volumes of manure slurry. In contrast, only 6 of the 15 farms (40%) also had detectable HEV RNA in pooled fresh fecal samples. This might be due to the low numbers (5 pigs) of individual pigs sampled at each time point or due to RT-PCR inhibitors that might have been present in the feces. An internal control for determination of the presence of RT-PCR inhibitors could have been used to further confirm this but was not part of our protocol at that time.
In the present study, all manure slurry samples were collected during the late summer and autumn months of a year when the ambient temperatures were quite warm compared to those in the winter months in the Midwestern United States. The high ambient temperatures at the time the manure slurry samples were collected could have enhanced the biodegradation of organic waste in the manure slurry storage facilities and decreased the amounts of HEV nucleic acids detectable by RT-PCR and the viability of the virus assayed. In contrast, low temperatures during winter months may preserve the infectivity of viruses in environmental samples for longer periods (5) .
The HEV isolates from the pooled feces and manure slurry were genetically diverse but all clustered in genotype 3 with the prototype U.S. swine HEV. Nucleotide sequence comparison showed that HEVs isolated from the pooled feces and pit and/or lagoon samples of the same farm are genetically more closely related to each other than those from different farms. However, the HEV isolates from the pooled feces and manure samples of farm no. 9 and 12 were more genetically distinct than those of the other farms (Fig. 1) . This may indicate multiple strains of HEV isolates circulating on one farm. It is common to have growing pigs from more than one breeding source present on a farm at the same time or over time. Wild rats likely reside on pig farms. Therefore, it is also possible that rats are an alternative source for contamination of pig manure slurry storage facilities, since a high prevalence of anti-HEV antibodies has been reported in wild rats (12, 14) . Interestingly, all HEVs found in the manure slurry samples tested in the present study are phylogenetically clustered in genotype 3, which is genetically distant from the rat HEV reported in Nepal, which clusters in genotype 1 (12) . Wild deer may also gain access to manure slurry in lagoons in the Midwestern United States. Since evidence of food-borne zoonotic transmission of HEV from deer to humans has been reported in Japan (33) , it is reasonable to speculate that wild deer may be another reservoir for HEV. To date, the status of anti-HEV antibodies in wild deer has not been reported in the United States. It remains to be determined whether HEV exists in the U.S. wild deer populations and if deer may contribute to contamination of the environment with HEV and subsequent HEV transmission to humans, pigs, and other animals.
The swine bioassay indicates that HEV found in pig manure slurry was infectious to naive pigs when inoculated intravenously but not when inoculated orally. Intravenous inoculation is commonly done in HEV studies, and it has been shown previously that HEV shed from pigs inoculated intravenously was infectious to naive contact pigs (16, 23) . Experimental studies indicate that fecal-oral transmission of HEV in pigs may occur; however, it likely requires a higher dose and repeated exposure for successful transmission (16, 17) . The results of this study are consistent with the previous findings that experimental oral inoculation is less efficient and requires a higher virus load to induce HEV infection compared to intravenous inoculation (8, 17) , since none of the 6 pigs inoculated orally became infected, whereas 2 of 6 pigs inoculated intravenously shed detectable amounts of HEV in feces. However, it needs to be noted that, although all pigs received the same total amount of inoculum, oral inoculation was only done once. Intravenous inoculation was done on 5 consecutive days to It has been demonstrated that HEV titers are typically higher in feces than in blood (16) . Because of this knowledge, and the additional cost of testing, viremia was not test for or confirmed in the present study. One pig inoculated intravenously with the L19 inoculum seroconverted to HEV by 56 dpi without detectable shedding of the virus in feces (Table 2) . A possible explanation for this discrepancy may be that the pig did become infected and had brief localized replication of HEV in the intestines (35) and that viremia and virus shedding in feces may have been intermittent and undetected by weekly RT-PCR testing. An alternative explanation is that the virus in the L19 intravenous inoculum was able to induce an immune response in that particular pig; however, as the swine bioassay results indicate, the virus titer of 10 GE failed to induce HEV infection. It has been demonstrated that the effective titer to induce HEV infection, replication, and virus shedding in feces in pigs was 10 2 GE when inoculated intravenously (17) . One pig from the positive control group and one pig from the P12 intravenously inoculated (pig I) group had detectable shedding of HEV in feces, yet they remained HEV seronegative at the end of the study (Table 2) . It has been previously demonstrated that a small proportion of pigs experimentally inoculated intravenously with swine HEV may have a delayed response to the infection and that development of anti-HEV antibodies may occur after the 56-day duration of the experiment (17, 25) .
Partial nucleotide sequences of the PCR amplicon amplified from the P12 inocula and from 1 of the pigs (pig I) inoculated intravenously with the P12 inocula were identical and were different from the amplicon amplified from the positive-control pigs inoculated intravenously with the prototype swine HEV. This confirms that the virus found in the P12 inocula was infectious, replicated in pig I, and subsequently shed in the feces of that pig. The lack of complete nucleotide identity between the virus found in feces from pig II and the P12 inocula (and pig I) may reflect the genetic variability of different HEVs (HEV quasispecies) found in the manure slurry, since the amplicon from feces collected from pig II was different from that in the P12 manure slurry or the prototype swine HEV.
The swine bioassay findings are in accordance with a report of analysis in raw sewage from an urban area in Spain where HEV present in the biological waste facilities remained infectious to experimentally inoculated rhesus monkeys (27) . Subsequently, the authors reported the presence of HEV in raw sewage from pig slaughterhouses. However, an animal bioassay was not performed to determine the infectivity of the HEV found in the raw pig sewage (28) . HEV has recently been found in raw human sewage collected from industrialized countries, including the United States. According to partial nucleotide sequence analysis, the HEV found in the human sewage was more homologous to the prototype U.S. swine HEV than to the US-1 and US-2 strains of human HEV (98.4% versus 91.0%) (6) .
HEV was not found in the drinking or surface water samples tested with the concentration methods used in the present study. The methods used in the current study were able to detect HEV in spiked water at a titer of 10 Ϫ2 GE per ml water.
The dilution of the concentrated water samples with sterile PBS and the extraction protocols using the microspin column technique have been reported to minimize the inhibition of PCR by potential inhibitors that have contaminated samples prior to PCR (2, 34) . It is, therefore, possible that either the water samples tested in the study lacked HEV particles or the level of contamination by HEV was below the detection ability of the concentration methods applied in the study. It also needs to be noted that sampling was done only at one time point, thus not accounting for any seasonal effects, such as recent rainfall, that may increase the amount of fecal material in water. Colder weather may also better preserve virus. To conclude that HEV is not present in water samples, more samples collected over time and during various seasonal conditions will need to be tested.
